Formation, nature, and stability of the arsenic-silicon-oxygen alloy for plasma doping of non-planar silicon structures We demonstrate stable arsenic-silicon-oxide film formation during plasma doping of arsenic into non-planar silicon surfaces through investigation of the nature and stability of the ternary oxide using first principles calculations with experimental validations. It is found that arsenic can be co-mingled with silicon and oxygen, while the ternary oxide exhibits the minimum energy phase at x % 0.3 in As x Si 1Àx O 2À0.5x . Our calculations also predict that the arsenic-silicon-oxide alloy may undergo separation into As-O, Si-rich As-Si-O, and Si-O phases depending on the composition ratio, consistent with experimental observations. This work highlights the importance of the solidstate chemistry for controlled plasma doping. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4905206] Logic structures for the 14 nm node include topographic gate structures (e.g., FinFETs) that must be conformally doped. Ultra shallow junction depths required for planar MOS gate technologies have been met by conventional ion implantation 1 or plasma source ion implantation 2, 3 (PSII) technology. PSII 2 relies on the existence of the plasma sheath rendering dopant ion trajectories normal to a surface making conformality problematic. 45 beam implant is difficult for topographic gate structures with high aspect ratio (AR) spacing between them (i.e., AR > 1).
Plasma doping technology has emerged as a viable method for conformal doping. Initial demonstrations of plasma doping were PSII processes with pressures at which ion scattering was invoked to explain the conformality. [4] [5] [6] [7] Sidewall ion impacts are essential for plasma doping but, as is for atomic layer deposition, self-limiting processes are needed for true conformality. 8 Plasma doping starts with the injection of a molecular dopant precursor (e.g., AsH 3 ) into a plasma which dissociates it, releasing the dopant (e.g., As). Dopants diffuse into the thin amorphous layer formed on the Si substrate. Si and oxygen (O) are co-deposited and the dopant driven to saturation in the interface of the amorphous and overlying oxide layer. Saturation is coincident with segregation. [9] [10] [11] Plasma doping is performed near room temperature; annealing activates infused dopants and evaporates excess protective material. Details of the plasma doping process are summarized by Ueda et al.
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It is well known that a high-dose ion implantation may lead to dopant cluster formation and electrical deactivation. [12] [13] [14] [15] While dopant aggregation has been found to be mediated by point-like defects, 13, 14 defect formation and defect-dopant interaction have been rather well studied in bulk Si; for instance, Hwang and co-workers proposed routes for defect-mediated As clustering in Si using first-principles calculations. 15 However, little is known about the formation and structure of the ternary dopant-Si-O alloy despite its importance for a better understanding of the self-limiting processes in plasma doping.
While the ternary system associated with plasma doping has not been studied, there have been attempts to understand the impact of oxygen in classical implant. Post ion implant anneal studies in which annealing has been performed in oxygen environments show that activation and profile results strongly depend on oxygen exposure. 16, 17 Work by Kobayashi et al. 9 and a more recent paper by Steen et al.
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note the segregation of implanted As to oxide-Si interfaces and the formation of donor states upon annealing. Numerous studies have investigated segregation when As is beam implanted through silicon oxide layers to underlying Si. [18] [19] [20] [21] These papers showed that As precipitates were observed to form and migrate. While the thickness of the oxide films is larger, the results of Celler et al. 18 are similar to the observation of As-rich interfaces by Ueda et al. 11 These studies highlight the need to clarify the phase behavior of the mixed arsenic-silicon-oxide (As-Si-O) system. This paper provides a first-principles-based description of the structure and stability of the amorphous As-Si-O system. Computations show that there is a preferred stoichiometry low concentration As dopant infused Si-O film. The existence of this preferred stoichiometry allows prediction of conditions where plasma doping is self-capping, i.e., a Si-O layer forms above a dosed sub-surface post anneal, such that the dose is self-limiting. Our first-principles study also shows that Si is unlikely to be absorbed into pure or As-rich oxides. Both scenarios are observed in experiments. These findings help to explain the self-limiting mechanism in conformal plasma doping.
Concentration depth profiles associated with arsenic plasma doping using a radial line slot antenna plasma source 22 are included in Fig Noticeable in Fig. 1 , for the pre-anneal condition, is the substantial As film at the surface above the Si substrate. Present in the film is an appreciable O amount. Si is evident but the oxide surface is effectively free of Si with the Si content increasing towards the oxide-Si substrate interface. Note that the As densities are plotted while Si and O are plotted in arbitrary units (counts). The As densities are normalized to 3 Â 10 22 cm
À3
. The measured peak density values were approximately double and are an artifact of calibration. Post rapid thermal anneal at 950 C, the As-O film is removed leaving a thin As-O layer over a layer co-mingled with Si; we will refer to this case as the As-rich condition and show with a computational model of the material system that it is energetically unfavorable to add Si to this film.
The fin side-wall depth profile (Fig. 2) is markedly different. This, the post anneal condition, shows (a) crystalline Si (c-Si) substrate, (b) an As infused layer, (c) an As-Si-O layer, (d) a Si-O layer, and (e) a decoration layer. We will refer to this as the As-lean condition and show with a computational model of the material system that separation into distinct layers (Si-O, mixed As-Si-O) is energetically favorable. We use the term "As-lean" because the flux of As dopants to the sidewalls (relative to the top of the fin) is greatly reduced in higher aspect ratio trenches between fin structures.
First-principles density functional theory (DFT) calculations were performed to examine the formation and structure of the oxide films presented in Figs. 1 and 2. We employed the generalized gradient approximation with the PerdewBurke-Ernzerhof exchange-correlation functional (GGA-PBE), 23 as implemented in the Vienna Ab-initio Simulation Package (VASP 5.2.2), 24 and the projected augmented wave 25 with a plane-wave basis set to describe the interaction between core and valence electrons. For geometry optimization and electronic structure calculations, we used an energy cutoff of 500 eV for the plane wave expansion of oneelectronic eigenfunctions and a gamma-centered (2 Â 2 Â 2) Monkhorst-Pack k-point mesh 26 was used for Brillouin zone sampling. All model geometries were optimized using a conjugated gradient method until the residual forces on constituent atoms become smaller than 0.02 eV/Å .
It is well known that arsenic trioxide can be formed via oxidation of arsenic and arsenic containing minerals. In the gas and liquid phases, arsenic trioxide may preferentially exist in the form of As 4 O 6 ; however, it can significantly dissociate into As 2 O 3 , as illustrated in Fig. 3 ; our DFT calculation predicts the former to be about 2.0 eV (per As 2 O 3 unit) more favorable than the latter. In the solid state, three different forms have been reported, 27 ,28 such as molecular (i.e., discrete As 4 O 6 cages in arsenolite 29 ) and two polymeric (i.e., As 2 O 3 layers in claudetite I 30 and II
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) forms (see Fig. 3 ). In the arsenic oxide polymorphs, each As atom is surrounded by three O atoms while containing a lone electron pair, forming a tetrahedron with stoichiometry of AsO 1.5 . We also generated cross-linked amorphous arsenic oxide (a-As 2 O 3 ) structures, similar to the case of amorphous silicon oxide (aSiO 2 ), using ab initio molecular dynamics (AIMD) with a periodic supercell containing 10 As 2 O 3 units (¼50 atoms) (see Refs. 32 and 33 for a detailed description of the amorphous structure generation). It is reasonable to expect that arsenic may be oxidized where oxygen to reach the substrate; then, the arsenic oxide layer would likely remain in the amorphous phase especially in the presence of ion bombardment. According to our dispersion-corrected DFT calculations, the a-As 2 O 3 structure (with a density q of 3.74 g/ cm less favorable than the (most stable) arsenolite structure (with q ¼ 3.87 g/cm 3 ). 29 The structure of a-SiO 2 was also generated using AIMD with a 60-atom (¼20 SiO 2 units) cubic supercell at q ¼ 2.2 g/cm 3 ; the strain energy of a-SiO 2 with respect to crystalline a-quartz is estimated to be about 0.3 eV (per SiO 2 unit), in good agreement with the previous theoretical predictions. 34 To explore the structure and relative stability of the As-Si-O system, we generated and compared the amorphous oxide structures by varying the As to Si ratio (x in As x Si 1Àx O 2À0.5x ); the structures were fully relaxed using AIMD. Figure 4 shows a variation in the relative energy (DE) for a-As x Si 1Àx O 2À0.5x as a function of x with respect to pure a-SiO 2 and a-As 2 O 3 .
, where E(M) is the total energy per unit of system M (¼As x Si 1Àx O 2À0.5x , a-As 2 O 3 , and a-SiO 2 ). In the calculations, the q of As x Si 1Àx O 2À0.5x was approximated using linear interpolation between q(a-As 2 O 3 ) and q(a-SiO 2 ), i.e., q(As
. The calculation results show that DE tot decreases (increases) as a small amount of As (Si) is added to the a-SiO 2 (a-As 2 O 3 ) matrix, while exhibiting the minimum and maximum values at x ¼ 0.3 and 0.8, respectively. This suggests that As can be favorably incorporated into the a-SiO 2 matrix to form an AsSi-O film (up to the As to Si ratio of x ¼ 0.3); on the other hand, Si addition to the a-As 2 O 3 matrix tends to be unfavorable energetically. Our calculations also demonstrate that the As-Si-O system undergoes phase separation as the As and Si concentrations become comparable (see the corresponding atomic structure in Fig. 4) ; this could provide an explanation for the aforementioned experimental observation of As-and Si-rich regions in the As-Si-O thin film (Fig. 2) .
To better understand the oxidation behavior, we looked at the relative contributions of possible strain and electronic effects (associated with the changes in lattice distortions and oxidation states, respectively). That is, DE tot is decoupled in terms of the changes in strain energy (DE st ) and oxidation penalty energy (DE ox ), DE tot ¼ DE st þ DE ox . The penalty energy represents an increase in the As-O and Si-O bond energies arising from various As/Si oxidation states. Our DFT calculations show that there is a charge transfer from As to Si through an As-O-Si linkage; hence, compared to the pure As 2 O 3 and SiO 2 cases, As and Si atoms in the As-Si-O system are, respectively, more and less oxidized, as the nearest As/Si atoms are replaced by dissimilar atoms. The predicted oxidation states and penalty energies of As and Si atoms for different bonding environments are summarized in Table I ; the strain-free clusters used in the calculations are presented in Fig. S1 . 35 From a given As-Si-O structure, DE ox is obtained by adding the energy penalties of particularly oxidized As and Si atoms, and DE st is estimated by subtracting DE ox from DE tot .
Inspecting Fig. 4 , it can be observed that DE ox increases as As is added to the a-SiO 2 matrix but is more than offset by the decrease in strain. The existence of a minimum in DE tot for relatively small amounts of As added to the a-SiO 2 system suggests that the formation of an As-Si-O mixed film with 30 at. % As is highly probable. Another feature in Fig. 4 is that at high As content in the mixed phase film, the reduction in DE st is unable to off-set the DE ox and the DE tot increases. This implies that once formed, an As-O phase is unlikely to accept additional Si. Our calculation results can be related to the experimental observations in Figs. 1 and 2 . First, as shown in Fig. 1 , the As-O layer, previous to being annealed (PreA), has little to no So present in it. This could be explained by the prediction that addition of small amounts of Si to an As-O layer is not energetically favored as DE tot increases both due to DE st and DE ox ; this is arrived at by starting at the pure a-As 2 O 3 side in Fig. 4 and moving to the left (i.e., from 100 at. % to 90 at. % As). The As-O layer has been found to sublime at typical annealing temperatures, and thus what remains at the surface post-anneal is a mixed As-Si-O phase. Second, Fig. 2 shows a distinct As-Si-O layer (layer III) that forms via As mixing with the Si-O film. This can be understood by starting at the left hand side of the relative formation energy plot in Fig. 4 and moving to the right (i.e., from 0 at. % to $30 at. % As); the existence of a minimum energy composition confirms that the As-Si-O film formation is energetically favorable. It is also worthwhile to point out that, in both the As-rich (Fig. 1) and As-lean (Fig. 2) cases, the energetically favored ternary As-Si-O film abuts an As infused Si layer; the atomic-level description of the interface structure would help to better understand the underlying mechanisms for plasma doping.
In summary, first-principles DFT calculations with experimental validations were carried out to examine the formation, nature, and stability of ternary As-Si-O films during As plasma doping of non-planar Si surfaces. The relative stability of the ternary oxide was analyzed in terms of the changes in strain energy (DE st ) and oxidation penalty energy (DE ox ) relative to the pure a-As 2 O 3 and a-SiO 2 structures. We find that adding small amounts of As to pure a-SiO 2 sees a decrease in DE st that more than off-sets the increase in DE ox. The result is a favored film with a minimum formation energy with an As atom fraction of 0.3 with the Si atom fraction being 0.7 in the fully oxidized film, i.e., x ¼ 0.3 in As x Si 1Àx O 2À0.5x . On the other hand, adding Si to an a-As 2 O 3 film is not energetically favored as both DE st and DE ox increase. This suggests that a fully oxidized As 2 O 3 layer may not absorb Si and the any added deposition of Si and O would be expected to form an overlying Si-O film. When the amounts of Si and As are comparable, the ternary oxide may undergo separation into As-O and Si-rich As-Si-O phases.
Our calculations results are consistent with experimental observations. First, the case of As addition to an a-SiO 2 layer is important in that where oxygen present in the plasma doping of a pristine Si surface As would see an oxidized layer at the very start of the process. Incoming As atoms would be mixed with the Si-O layer to form an As-Si-O layer (perhaps with an As-O interlayer between the underlying Si substrate and the As-Si-O layer, depending on As dose); this is observed in the As-lean case (see Fig. 2 ). Second, it is not favored to add Si atoms to an As-O layer. This is important as it prevents the mixed oxide from forming; the mixed As-O-Si oxide layer is not observed in the As-rich case (see Fig.  1 ). For both the As-rich and As-lean cases, the oxide formation mechanisms are "self-limiting" in that the stoichiometry of the films is prescribed which effectively can fix the concentration of species at critical interfaces. Finally, we note that hydrogen could interact with the surface during or after the plasma process, which might affect plasma doping. However, our experiments show that the film formation does not change significantly with hydrogen added in process, and thus the effect of hydrogen was excluded in this work; but it is a focus of ongoing research.
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